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SUMMARY 


"Raman  spectra  of  water  have  been  measured  in  the  laboratory 
using  improved  optical  instrumentation.  The  linear  depolarization  ratio 
agrees  well  with  results  found  in  the  literature.  Various  portions  of  the 
isotropic  and  anisotropic  components  of  the  Ramau  spectra  can  be  iden- 
tified  with  distinct  structural  species  in  liquid  water.  This  model  pre- 
diets  that  the  depolarization  will  be  most  temperature  dependent  in  the 
long- wavelength  portion  of  the  spectrum,  as  is  demonstrated  by  ou4^ 
data.  The  measured  linear  depolarization  ratio  varies  by  1,  3%  per 
degree  centigrade;  we  predict  that  the  temperature  dependence  of  the 
circular  depolarization  ratio  will  be  1.  7%  /  °C.  The  circular  depolari¬ 
zation  ratio  is  also  a  desirable  indicator  of  temperature  because  of  its  value 
of  ~  0.  67,  leading  to  higher  statistical  accuracy  in  the  cross-polarized 
channel,  compared  with  “  0.25  for  the  linear  depolarization  ratio. 
Systematic  measurements  of  the  effect  of  temperature  and  salinity  upon 
the  circular  depolarization  will  be  undertaken  shortly. 

Variability  of  the  spectral  attenuation  of  light  in  seawater  indi¬ 
cates  that  a  two-color  Raman  technique  is  not  feasible  for  use  in  the  ocean. 
The  circular  depolarization  ratio  is  to  be  preferred,  provided  that  light  is 
not  appreciably  depolarized  further  during  transmission  through  seawater. 
To  check  this,  the  depolarization  of  light  scattered  through  small  angles 
has  been  measured  in  the  laboratory,  and  found  to  be  small  but  not  negli¬ 
gible.  Extrapolating  the  results  to  ocean  conditions,  wo  predict  that 


these  effects  can  be  corrected  for  to  the  required  accuracy  provided  that 
seavater  exhibits  a  fairly  consistent  relationship  between  depolarization 
and  turbidity  (which  would  be  measured  from  the  intensity  of  the  Raman 
return).  Preparations  arc  now  being  made  for  field  measurements  of 
this  relationship. 


1.  INTRODUCTION 

The  possibility  of  measuring  subocean  water  temperature  remotely 
by  observing  the  Raman  spectrum  backscattered  from  a  laser  beam  has 
been  investigated  in  this  laboratory.  During  the  initial  six  months  of  this 
program  under  Contract  N62269-72-C-0204,  emphasis  was  on  a  two  -color 
scheme  in  which  the  temperature  sensitivity  of  the  intensity  ratio  at  two 
properly  chosen  Raman  wavelengths  was  measured.  Although  it  was 
concluded  that  a  precision  of  about  0.  2°C  could  be  achieved  by  the  two- 
color  method  down  to  a  depth  of  30  meters  in  clear  ocean  v/ater*  having 
constant  optical  characteristics,  variations  in  the  spectral  attenuation 
coefficient  of  seawater  would  introduce  serious  errors  in  the  temperature 
measurement.  It  is  therefore  desirable  to  investigate  further  the  cross- 
polarization  scheme  which  was  found  to  be  temperature  sensitive  in  our 
previous  measurements. 

The  construction  of  an  improved  back-scattering  Raman 
spectrometer  for  this  purpose,  measurements  of  high  resolution  Raman 
spectra,  isotropic  and  anisotropic  components  and  depolarization  ratios, 
and  a  new  structural  model  of  liquid  water  arc  discussed  in  this  report. 

The  results  show  that  the  ratio  of  two  polarization  components  of 
Raman  radiation  is  an  even  more  sensitive  indicator  of  water  tempera¬ 
ture  than  the  ratio  of  two-color  intensities. 

The  results  are  preliminary.  Systematic  measurement  of  .'oiari- 
zation  ratios  as  functions  of  Raman  wavelength,  temperature  and  salinity 
will  be  undertaken  shortly  and  presented  in  the  final  technical  report. 
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The  improved  version  of  our  back- scattering  Raman  spectrometer 

is  shown  in  Fig.  1.  The  laser  radiation  from  the  dye  module  is  polarized 

perpendicularly  to  the  scattering  plane  by  a  polarizing  cube.  After  passing 
o 

through  a  100  A  filter,  which  is  centered  about  the  laser  wavelength, 
and  a  beam  splitter,  it  is  reflected  by  a  small  mirror,  focused  into 
the  constant  temperature  (+  0. 1°C)  Raman  cell  and  eventually  absorbed  in 
the  light  trap. 

Raman  light  is  collected  by  the  same  focusing  lens  and  its  parallel 
and  perpendicular  polarization  components  are  selected  by  properly  rotating 
a  second  polarization  cube.  Since  the  3/4  -  meter  Spex  monochromator 
grating  has  different  efficiencies  in  the  two  planes  of  polarization,  a 
Hanle  quartz  depolarizer  (supplied  by  Karl  Feuer  Optical  Associates, 

Inc.  of  Upper  Montclair,  N.  J. )  was  placed  in  front  of  the  Raman  focusing 
lens  thus  avoiding  the  necessity  of  calibrating  the  grating  separately  for 
each  mode  of  polarization.  Signals  from  the  diode,  which  monitors  the 
laser  intensity,  and  the  PM  tube  on  the  monochromator  are  integrated 
and  amplified  by  charge -sensitive  preamplifiers  and  amplifiers.  The 
total  integrated  charges  are  measured  by  the  combination  of  amplitude 
encoders  and  pulse  c  >untcrs.  To  minimize  the  effect  of  dark  current 
from  the  PM  tube  a  coincidence  pulse  from  a  delay  pulse  generator 
synthronized  by  the  N£  laser  is  supplied  to  the  encoders.  A  pulse 
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generator  is  used  to  drive  the  stepping  motor  of  the  monochromator  for 
a  constant  wavelength  increment. 

2.  2  High  Resolution  Raman  Spectrum  of  Water  at  25°C 


In  order  to  investigate  the  polarization  properties  of  the  Raman 
spectrum  of  liquid  water  and  hence  their  application  to  the  remote  measure¬ 
ment  of  water  temperature,  high  resolution  Raman  spectra  of.  water  were 

o 

measured  with  a  well -tuned  laser  output  of  3.  0  A  spectral  width  and  a 

o  _i 

monochromator  band  pass  of  5.5  A  (15  cm  *}.  Raman  intensities  were 
o 

taken  at  5  A  increments.  An  unpolarized  total  Raman  spectrum  of  liquid 
H^O  in  the  OH  stretching  region  is  shown  in  Fig.  2.  Fine  features  of 
the  spectrum  are  in  excellent  agreement  with  the  spectrum  reported  by 
Walrafen2. 

For  the  measurement  of  polarized  components  of  the  Raman 
spectrum  of  water,  the  scattering  geometry  is  shown  in  Fig.  3.  The 
exciting  laser  is  polarized  perpendicularly  to  the  scattering  plane  contain¬ 
ing  both  the  laser  and  Raman  axes.  To  simulate  the  field  experiment,  we 
are  interested  primarily  in  the  back-scattering  mode  of  the  Raman  process 
where  the  scattering  angS-e  9  =  0°.  In  this  particular  mode,  the  scattered 
Raman  radiation  can  be  polarized  in  the  Z  and  X  directions  (Fig.  3), 
parallel  and  perpendicular  respectively  to  the  polarization  of  the  laser. 

To  correlate  the  laboratory  measured  intensity  and  the  molecular  polar¬ 
izability  tensor  tr  which  connects  the  applied  field  with  the  induced  dipole 
by  J  uj  =  a  {  cj  in  the  liquid,  one  has  to  average  over  all  possible 
molecular  orientations  with  respect  to  the  laboratory  coordinate  system. 
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Fig.  2  Rarr.zn  spc-c trim*,  of  liquid  H,0  in  the  OH  stretching  region 


It  is  possible  to  show  that  the  parallel  (I„  )  and  perpendicular  (lx  ) 
components  of  the  measured  intensity  can  be  expressed  as 

1 1,  =  k<45a2 *  +  4  02)  (1) 

and 

lx  =k(3p2),  (2) 

whef<2 

a  =  j  (cj  +  +  Q3)  (3) 

P2  =  j  [(Qi  "  a')2  +  (a2  '  a3)Z+  <a3  -  Q'p2]  (4> 

2 

and  k  is  the  proportionality  constant,  a  is  the  so-called  isotropic  part  of 

2 

the  differential  polarizability  tensor,  j3  is  the  anisotropy  of  the  tensor 
and  a'j,  are  the  principal  values  of  the  derivatives  of  the  diagonalized 

molecular  polarizability  tensor  which  car  be  obtained  by  properly  choosing 
the  molecular  axes. 

Both  parallel  ( J|  )  and  perpendicular  (X)  components  of  the  Raman 

spectrum  of  water  at  25°C  are  shown  in  Fig.  4.  As  in  the  case  of  the 

unpolarizcd  spectrum,  measured  intensities  were  corrected  for  the 

spectral  sensitivity  of  the  filters,  grating  and  photomultiplier  tube. 

4 

Following  a  procedure  similar  to  that  of  Scherer,  Kint  and  Bailey  ,  a 
more  meaningful  display  of  Raman  spectrum  can  be  achieved  by  plotting 

the  anisotropic  and  isotropic  Raman  spectra  which  are  proportional  to 

2  2  .  . 

3p  and  .45  a  respectively.  Tins  is  done  simply  by  means  of  equations 
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Results  of  isotropic  and  anisotropic  Raman  spectra  of  water  agree  well 

5 

with  those  reported  most  recently  by  Murphy  and  Bernstein  as  shown  in 

Fig.  4. 

The  ratio  of  intensities  of  the  perpendicular  and  parallel  components 
is,  by  definition,  the  depolarization  ratio,  .  From  equations  (l).and 
(2)  this  can  be  expressed  a. 


-  (7) 


Results  of  our  depolarizatiora  ratio  measurements  for  Raman  back- 

scattering  of  water  at  room  temperature  shown  in  Fig.  5  compare 

well  with  those  published"*’  ^for  a  90°  scattering  angle.  This  result 

• 

3 

agrees  with  the  theoretical  prediction  that  the  linear  depolarization 
ratio  is  independent  of  scattering  angle  provided  that  the  incident  beam  is 
polarized  perpendicular  to  the  scattering  plane  as  it  is  in  the  cases 
reported  here. 

2.  3  Molecular  Model  of  Liquid  Water  and  the  Temperature  Sensitivity  of 
the  Depolarization  Ratio 

Unlike  water  vapor,  which  is  mostly  monomeric  with  a  simple 
structure,  and  the  solid  state  (ice)  which  is  highly  ordered  and  whose 
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structure  has  been  adequately  characterized,  .the  structure  of  liquid 

i 

water  remains  a  confused  and  controversial  subject.  The  anomalous  . 
physical -chemical  properties  of  liquid  water  have  been  interpreted  as  a 
result  of  hydrogen  bonding  which  links  water  molecules  together  and  is 
now  fairly  well  understood^  The  geometrical  configuration  in  which 
water  molecules  stick  together  by  the  hydrogen  bond,  however,  is  quite 
a  different  matter.  The  many  models  of  the  structure  of  liquid  water 
which  have  been  proposed  from  different  point  of  view  can  be  classified  ; 
as  (1)  continuum  or  (2)  mixture  models.  While  the  first  kind  of  model 

7 

postulates  that  the  molecular  structure  of  water  changes  continuously 

* 

from  ice -like  at  one  extreme  to  gas_like  at  the  other,  the  second  category 

I 

of  model  assumes  the  simultaneous  existence  of  two  or  more  distinguish- 

8 

able  species  of  water  . ,  Since  our  primary  concern  is  the  remote 

1 

measurement  of  seawatqr  temperature  by  means  of  Raman  scattering,  we 
restrict  ourselves  to  the  consideration  of  a  Uvo-species  mixture  model 
which  has  been  successful  in  interpreting  earlier  Sound  absorption 

i 

measurements"^ r.d  many  recent  infrared^,  near -infrared**  and  Raman"*' 

I 

spectroscopic  studies.  In  this  model,  a  kinetic  equilibrium  exist,  between 

i 

two  spectroscopically  distinct  structural  species  in  liquid  water. 

A  single  water  molecule  in  the  liquid  state,  H^O  ,  is  capable  of 

forming  a  maximum  of  four  hydrogen  bonds  through  its  hydrogen  atoms 

and  the  two  lone  pairs  of  electrons  on  the  oxygen  atom.  Since  the  average 

hydrogen  bond  energy  has  been  estimated  to  be  several  kilocalories  per 
11a,  13  . 

>  ’  if  i  . 


mole 


,  it  is  reasonable  to  speculate  that  no  more  than  one  hydrogen 


o,., 


bond  is  broken  at  ordinary  temperatures  (0  -  -iO  C).  Liquid  water  may 
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therefore  be  considered  to  be  a  mixture  of  two  basic  species: 

H^O  molecules  which  are  tetracoordinated  through  hydrogen  bonds  with 
four  other  H^O  units,  and  H^O  molecules  which  have  only  three  hydrogen 
bonds  (tricoordinated)  as  illustrated  in  Fig.  6.  The  dotted  lines  indicate 
hydrogen  bonds  in  contrast  to  the  ordinary  OH  chemical  bonds  which  are 
shown  by  short  solid  lines.  When  a  hydros,  ,n  bond  linking  two  tetracoor¬ 
dinated  H^O  units  is  broken  by  the  thermal  energy,  two  different 
tricoordinated  species  are  formed;  (1)  a  species  with  both  hydrogen 


atoms  hydrogen  bonded,  which  is  not  spectroscopically  distinguishable 


from  the  tetracoordinated^  one, _  and  (2)  a  spectroscopically  distinct  species 

•  ## 

with  one  free  OH,  ,  whose  formation  is  the  net  effect 

H  H 


of  the  bond- breaking  process. 

Because  of  the  internal  motion,  the  tetracoordinated  species  can 

5  14 

be  assumed  to  have  approximate  C^v  symmetry  ’  .  The  OH  stretching 

vibrations  may  thus  be  classified  as  symmetric  (  v  ^)  and  asymmetric  (v 

modes  as  in  the  free  gaseous  water  molecule  except  both  vibrational 

frequencies  are  expected  to  be  lower  in  the  tetracoordinated  species 

since  the  OH  bond  is  weakened  by  the  hydrogen  bond.  Since  only  totally 

symmetric  vibrations  give  polarized  Raman  lines  (Pj  4  .25)  and  others 

15 

are  depolarized  (p  ^  =  .75)  ,  the  symmetric  mode  is  expected  to  be 

highly  polarized  (p^  .£.25)  while  the  asymmetric  mode  should  oe  completely 
depolarized  {pj  =  .75)  as  predicted  from  group  theoretical  arguments. 

With  the  introduction  of  Fermi  resonance  between  the  overtone  of  the 
bending  frequency  at  1640  +  5  cm”*  and  the  v  j  mode.which  splits  the 
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bond  into  v^A  aE°  v  jg»  reasonable  assignments  of  OH  stretching  ' 

5 

frequencies  have  been  made  by  Murphy  and  Bernstein  as  shown  in  Fig.  6. 
As  the  temperature  increases,  the  equilibri  -m  will  be  in  favor  of 


the  formation  of 


A., 


o 

/\ 


o 

/\ 

H  .1 


'  (8) 


therefore  intensities  at  larger  Raman  frequency  shifts  in  both  isotropic 
and  anisotropic  components  will  be  increased.  Both  the  parallel 
and  perpendicular  components  at  high  frequency  will  also  increase  with 
temperature. 

On  the  other  hand,  since  only  the  asymmetric  v ^  band  is  expected 

to  be  completely  depolarized,  at  frec-uencies  higher  than  3450  cm  *  where 
/•.**.  /  *  -  •  \ 


the  3455cm1! 


(  x  ) 

\  H  H  / 


and  3545cm1! 


/°\ 
H  H 


bands  mix  the  depolar¬ 


ization  ratio  will  be  decreased  as  the  temperature  increases.  Preliminar 
results  from  the  temperature  effect  on  the  depolarization  ratio  of  water 
at  different  temperatures  are  shown  in  Figs.  7  and  8.  Besides  data  at 
frequencies  lower  than  31001cm"1  where  Raman  intensities  are  low  and 
thus  uncerta.nlies  are  high,  the  model  presented  here  is  successful  in 
interpreting  the  temperature  effect  on  the  depolarization  ratios.  Although 
measurements  are  only  preliminary,  the  temperature  sensitivity  of  the 


linear  depolarization  ratio  is  most  encouraging.  On  the  basis  of  our  data 
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Fig.  7  Depolarisation  ratio  for  water. 
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tlse  temperature  sensitivity  can  he  estimated  to  he  l.*lS/>C  Hbrocgh 
eccalioa 


I  ^l/pl 

■  =  —  •  < - -  — 
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*10) 


^Pj/Pl 

and  values  of  - 

-  dT 

Sing  up  a  5  -essel  dexb  quarter -wave  system  for  the  circular 
Cvjvofcrization  measurement. 

2.4  Conclusions  and  Future  Plans 

In  order  to  carefully  study  the  te.nperaJ.ure  effect  on  the  depolari¬ 
zation  ratio  of  rstcr  in  tiie  OH  stretching  region,  an  improved  back- 
scattering  Raman  spectrometer  has  been  constructed.  Preliminary 
measurements  indicate  that  cur  results  on  the  Rasnan  spectra  and 
depolarization  ratios  are  in  excellent  agreement  with  most  recently 
published  data.  IVJth  the  completion  of  the  minicomputer  data  acquisition 
system,  which  will  upgrade  the  accuracy  and  the  efficiency  of  the  data 
acquisition, the  effect  of  variations  in  the  sea  water  compositions. 


(1-  3’S>/° C)  and  Pj  .  25).  We  are  coa*  set- 
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pXTtsctzSxSes  cggacffirfgattsigq,  csrgjEa c  shmA  isxsffjpesac 
Tariaftgarss  Is  ooefa  Bxser  xjmS  Kasmas  aaxreJeagSEs*  c©  t&£  g^rng^rjeggare 
seasrisitfisies  cff  bofiSa  t&e  ftwasrso3ffia-  sxsS  csms-pcSarszaEaea  piasaLTacSrcoiSaj: 
*«8  cH^lSczBJ  scbsm&s  ■wiU  ©e  Izanesa^aStsS  In  snglc&asJt  s®^ 
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3.  FIEL3>  FHRFC&SfiA&CE  OF  HAMASS  SYSZSM 


la  Shis  s^ct&ca  we  shoor  shat  fihc  cresss-p© Sarisec  ficcfeasagag  for 
fifenwpsffsSnsr*  Earascare-sasnS:  siesas  rrtrrh  grtrglter  promise,,  ecssisSering  fisc 
effecfis  6C  eransssnssfoa  Ehrcegh  seawater,  fifeasa  She  two-color  meshed, 
PrccscSMsas  os  she  Sastaa  ESfiegsaSy  deSecfied  freer,  beet  aircraft  ere 
ghrem,  along  wish  Esc  sSaSisfifcsl  effects  or  fiesaparaSeire  precision.  Also, 
fifec  effect  «ca  depoSarizasieQ  hr  scaESerie*  Is  esEiroaSed. 

3.  1  Tsrsirg  for  Two-color  Racrfomeser 

Meascreroers  of  water  eemperassare  by  rceaas  of  2  Ewo-chaonel 
radiometer  re-ssuSres  fihat  relative  intensity  of  She  iJaman  raciaKon 
from  fire  wator  sample  be  m-essresS  fa  Eire  two  chancels  So  2  precision  of 
the  order  of  l“S  for  2  fiejss«er2t2src  precisSoa  of  1°C.  fn  addition  So  accurate 
relative  calfbrasioa  of  E he  two  channels  of  She  radiomeSer,  the  rel2Sive 
transmission  for  the  two  channels  of  She  r«  rditsm  oetvcea  she  water  sample 
and  the  radiometer  must  be  known  or  controlled  to  high  precision.  In  the 
two-color  scheme,  this  would  generally  be  accomplished  by  tuning  the 
laser  transmitter  so  that  the  water  transmission  is  equal  as  the  two  Raman 
wavelengths,  i.  c. ,  so  that  they  arc  centered  about  the  wavelength  of  maxi¬ 
mum  transmission.  This  could  be  achieved  to  the  necessary  precision  in 
the  case  of  short  (<lm)  path  lengths  through  a  closed  system  containing 
carefully  filtered  water.  However,  measurement  of  temperature  to  depths 
of  10—50  :n  a!  variable  locations  in  the  ocean  would  require  spectral  tuning 
of  the  Raman  system  to  a  degree  which  could  not  be  achieved  in  practice. 


Tk c  rasl©  c$  6k&  iaS£as§iies  received  by  a  two*- color  ra diameter 
front  a  degfib  x  mety  be  wrla&ecs 

If*,)  «  iKfM- K-fX  1J  * 

tvgr  -  ttT  S>*  '  -  (11) 

The  B2bis2£2  scattering  process  Is  described  by  f  (T,  S)  which  is  a  function 
of  the  S  fcnaraerattare  and  salinity  at  depth  x.  The  misfurmtg  effect  is  de¬ 
termined  by  K  she  spectral  attenuation  coefficient  of  seawater  for 
diffuse  (e.g.  ,  Raman)  radiation.  For  approximate  tuning,  we  have 

-  fK,  -  Sj  x 

e  4  »  1  *  iKj  -  K^l  x  -J-  ... 

Suppose  tS»at  we  require  SStzi  rnistnning  introduce  a  temperature  error  no 

O 

greater  than  0.  3  C_  Then  we  require  that 

|K,-k2|x  S.OOJ 

If  x  =  30m,  then  v/e  need  j Kj  -  K2 j  <  10^4  m*1.  MK  =  0.05m  “  , 

then  K.  and  K-,  must  beecual  within  a  tolerance  of  0.  2*5t.  This  would 
12 

be  extremely  difficult  in  the  face  of  variable  ocean  conditions. 

Some  indication  of  possible  variations  can  be  obtained  from  Fig.  9, 

which  shows  absorption  and  scattering  coefficients  for  various  components 

17  18 

of  seawater  given  by  Jerlov-  and  llulburt  .  According  to  Sorenson 

19 

Honey  and  Paine  ,  the  diffuse  attenua  ion  coefficient  K  is  typically  given 
in  the  open  ocean  by 

K  =  a  +  § 

where  a  and  s  are  the  coefficients  for  absorption  and  scallerinsi,  respectively. 
As  the  concentration  of  particulates,  plankton  and 
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Fig.  9  Typical  coefficients  for 
scattering  and  absorp¬ 
tion  of  light  by  compo¬ 
nents  of  sea  water.  J 


yellow  substance  varies  with  region  in  the  ocean,  the  overall  function 
K(A)  can  be  expected  to  vary  considerably  also. 

3.  2  Attempted  Tuning  via  Raman  Scattering 

It  is  tempting  to  consider  tuning  for  Kj  =  by  varying  the  laser 
wavelength  and  observing  the  ratio  Ij/l~.  To  analyze  this,  let  us  suppose 
that  K(A)  has  a  parabolic  shape: 


K(A)  =  P  (A  -  Ao)‘  +  v 


Substituting  this  function  into  Eq.  (11),  we  obtain 


=  f  (T ,  S)  e 


+  2P  (A  -  A  )  AAx 


(12a) 


or,  approximately, 


r  *  f  (T,S)  (1  +  2P  (X  -  A  )  AAx) 


(12b) 


Here  we  have-  used  X  -  (A  ^  +  A^)  / 2  and  A  A  s  A^  -  A^. 

Jerlov' s  numerical  values  for  K  (A)  typical  of  his  ocean  Type  I 
are  plotted  in  Fig.  10.  A  least  squares  parabolic  fit  leads  to 
p  =  4,  3  x  10  *A°  ^  and  y  =  0,  017  m  We  have  plotted  the  expo¬ 

nential  in  Eq.(12a)  and  its  approximation  in  Eq,  (12b)  in  Fig.  11.  Neither 

of  these  curves  shows  a  feature  at  X  =  A  which  would  show  a  remote 

o 

observer  how  to  tune  for  I\j  =  K^. 

If  the  actual  function  K(A)  always  had  a  kink  at  its  minimum,  as 
in  the  case  of  the  circles  on  Fig.  10,  then  minimum  might  be  located  by 
remote  observation  of  the  Raman  signal.  However,  this  is  not  always 
the  case;  for  example,  Fig.  25  of  Ref.  20  shows  a  relatively  broad,  smooth 
K(X)  at  its  minimum. 
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Fig.  10  Coefficient  for  attenuation 
of  diffuse  light  according 
to  .Terlov17  (circles)  and 
least  squares  parabolic 
fit  (curve). 
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3.3  Attempted  Tuning  Via  ‘'Rayleigh**  Scattering 

One  might  also  consider  tuning  by  observation  of  light  scattered 

» 

back  to  the  receiver  at  the  same  wavelength  as  that  of  the  l?ser.  The 

difficulty  with  this  method  is  that  the  wayelfcngth  for  maximum  return  from 

depth  will  not  generally  be  the  same  as  that  for  maximum  transmission. 

If  an  intensitv  I  is  transmitted,  the  ir radiance  received  at  an 
•  '  o  . 

altitude  h  from  a  depth  x  would  be  approximately 


-2  (a  +  s,)  x  ; 

=  Ie  s,  Ax/{x  + 


/(x+h)  , 


where  Ax  is  the  thickness  of  the  fcackscattering  layer  as  determined  by 

the  length  of  the  range  gate,  and  a  is  the  absorption  coefficien.  of  the  - 

* 

’  I 

seawater.  Light  which  is  scattered  by  an  angle  larger  than  some  small 

angle  0  (~5°)  will  be  lost;  the  coefficient  for  loss  by  this  process  is 

.  -180° 


V*>  2’  sin9  de  E  s.\ 


The  backscaltering  process  can  be  represented  by  a  coefficient 


o  (0)  2t r  sin  0  d0  s  s  {  0.)  , 


where  0.  is  a  large  angle  (~‘175°).  a  (6)  is  the  differential 
ig  '  X 

scattering  coefficient  , "’volume  scattering  function")  of  seawater. 
Although  the  scattering  is  not  in  fact  cut  off  sharply  at  the  angles  0 

O  1 1 

and  0j  ,  this  simplified  treatment  illustrates  the  major  features 
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1 


of  the  process;  see  Refs.  17,  IS  and  21  for  further  discussion.  The 
21 

function  sj^  j  ,  calculated  from  measurements  of  a  10)  off  Bermuda, 
is  slunvt*  in  Fig.  12. 

It  would  be  possible,  then,  to  measure  the  quantity 


.  ,2  -2  Ja  +  s  ( $  1  x 

H(x-t-h)  _  ^  e  \  X  smJ 


I  Ax 
o 


=  c 


s  (»,  >■ 


<M) 


obtained  by  rewriting  Eq.  (13).  This  will  not  have  a  minimum  at  the 

same  wavelength  as  K(X)  — a  +  s  (f  1,  because  of  the  wavelength  depen- 

A  A  SHi 

dence  of  the  backscattering  coefficient  s  (  $  ).  Also,  s  (  0  ) 

X  lg  X  sm 

and  s  (  0.  )  may  have  different  wavelength  dependences.  Study  of  the 
X  lg 

■ 

function  s  (8  }  >  given  in  Fig.  12,  shows  that  s  ($  } depends  mostlv  on 

X  X  sm 

the  values  of  a(Q)  in  the  ~  5  to  15°  range,  while  s  ifl,  )  naturally 

X  lg 

depends  only  on  <j{0)  at  large  angles.  The  small  and  large  angle 
scatterings  may  be  due  to  different  components  of  seawater. 

Nevertheless  one  could  measure  the  right-hand  side  of  Eq.  (14) 
as  a  function  of  depth  x,  obtain  s.(0  )  by  extrapolating  to  x — »-0,  and 

lg 

thus  determine  a  and  s  (0  )  •  However,  the  quantities  involved 

X  X  sm 

are  all  generally  functions  of  depth  as  a  result  of  stratification  of 
seawater  composition,  which  would  frustrate  attempts  to  measure  a 
spatially  averaged  K(X)lo  the. required  accuracy  discussed  above. 

3.  4  Estimates  of  Raman  Yield  and  Statistical  Precision 

A  set  of  parameters  for  a  practical  Raman  transmitter 
receiver  system,  taken  from  Kef.  1,  is  given  in  Table  1.  The  number 
of  photoelect rons  delected  by  each  photomultiplier  lube  in  the  system 


-2<>- 


I*  10°  100°  180* 

a* 


Integral  scattering  coefficient  for  scatterings  through  angles 
greater  than  or  equal  to  O'. 


TaMe  L  Parameters  off  Ranrsan  System 
Receiver  diameter  £e£f.  } 

Overall  optical  and  quantum  efficiency 
Depth  resolution 
Gate  duration 
Receiver  field  of  view: 

B».at 

Aircraft 


0-3  nt 
0-03 


1.  m 


s 


Here  E  is  the  transmitted  laser  energy  joules);  t^  and  t^  are  the  trans¬ 
mission  of  the  ocean  for  the  laser  and  Raman  radiation  respectively, 
and  are  given  by  Figs.  21  and  22  of  Ref.  1;  x  is  the  depth  of  the  ocean 
stratum  sampled;  and  h  is  the  height  of  the  receiver  above  the  ocean  sur¬ 
face.  (The  latter  dimensions  arc  in  meters.  ) 

Figures  13  and  14  show  the  photoelectron  return  at  a  practical 
aircraft  operating  altitude  of  300  m.  The  rms  statistical  error  in  tem¬ 
perature  measurement  is. shown  on  the  right-hand  side  of  the  figures, 
o 

on  the  basis  of  1  0—1%  precision  of  intensity  measurement.  If  a  data 
sample  is  taken  once  per  second  (this  corresponds  to  averaging  over  a 
distance  of  100  meters  if  traveling  at  200  knots),  the  1-joule  curve  corres¬ 
ponds  to  an  average  laser  power  of  1  watt. 


.7  5. 

*•  t/ 


A 


15  20 

DEPTH  (meters) ,  TIME  (I0'8sec) 

Fig.  13  Raman  return  at  air¬ 
craft  (left-hand  scale) 
and  corresponding  r*ns 
statistical  temperature 
error  (right-hand  scale) 

for  attenuation  length 
of  5  meters. 


E=  (00  JOULES 


J _ 1 _ 1 _  1 . .  1 

10  20  30  40  5C 

DEPTH  (meters) .TIME  (I0'8sec) 

Fig.  14  Raman  return  at  air- 
crait  (left-hand  scale) 
and  corresponding  rms 
statistical  temperature 
error  (right-hand  scale) 
for  attenuation  length 
of  1  0  meters. 


F tor  tgiciadl  fSeld  fiesteag  off  cfce  SSamsa  aecSasMsoe  direct  siscsoJ- 
tasxgtfes*  meascareaseat  toff  seawater  tempos  asrare  fity  means  'sff  &  abenaasCtor 
cfcairs  wccsld  Eras  necessary,  Bars  integraticcs  off  signals  ©~er  £  longer  period! 
off  tisrae  wcdd  Ere  passive.  These  lector*  poser  go  a  8w»t-mocssted  Hsraaia 
system.  The  expected  return  is  sfetwa  on  Fig,  S3,  One  joule 
{e.  g.  ,  ©.07  watt  integrated  for  14  seel  wools!  E*e  sujSScSetsl  Esere. 


Tfce  lasei  Sransmstter  oolpet  can  Esc  depolasizedsot  only  by  Remain 
scattering  but  also  Bsy  small-angle  scatter  lag  in  the  ocean.  Tfee  latter 
effect  can  change  the  >  -  T  calibration  curve. 

Experiments  have  been  performed  to  assess  the  magnitude  off 
depolarization  by  small-angle  scattering.  The  scattering  medium  was 
a  suspension  off  sediment  ffrem  locally  available  loam.  Heavier  particles 
were  allowed  to  settle  out  for  I©  minutes  and  then  the  suspension  was 
decanted.  The  experimental  arrangement,  sketched  on  page  A- 7  , 
included  a  tungsten  lamp,  Polaroid  HCP  37  circular  polarizers,  an 
interference  filter  with  5670-5860  A°  band  pass,  and  a  radiometer  with 
silicon  detector.  No  collimating  lens  was  used,  so  the  intensity  was 
attenuated  as 

I  =  Io  e'Kx  (16) 

where  K  is  the  coefficient  for  attenuation  of  diffuse  light.  The  diffuse 
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atlfeacaSttwa  BssajtEa  Sue,  efe&eBrma&d}  front  Eq.  JIS>8,  «as  fccsd  E<&  6se  closely 
propOBtiosal  fi©  erst  cfflacecSrafisoa  of  sediQrbsrnS  as  sEssrcra  m  Fig.  16-  Ve 

also  measured  5  /!  t£s©  rati©  of  intensities  transmitted  by  opposed  and 

JL  "  «* 

laS&g  circular  polarizers  at  the  ends  of  the  water  ttanIL  "Tine  scattering 
depolarization  rats©  was  calcclated  from 


»s  *  lJ\  -  E  • 


and  plotted  in  Fig-  17  (See  Appendix  and  Eq-  A- 6  for  derivation  and 
discussion?.  Tee  extinction  ratio  of  She  polarizers  was  0.  0055.  The 
depolarization  ratio  was  found  to  be  proportional  to  the  attenuation  length 
above  the  residual  value  ^  =0.  005  which  is  due  to  incomplete  filtering 

5 

of  the  water  originally  used. 

The  results  can  be  represented  by  the  equation  =  0.  006  Kx  . 
Let  assume  that  this  is  also  valid  for  the  ocean,  for  which  the  relation¬ 
ship  K  =a/2  is  typical.  This  gives  p^  =  0.  003ax-  From  Eq.  (A-2)  in 
the  Appendix  the  overall  depolarization  ratio  is 

P  =  PR  +  2pg  (1  -  pr2) 

=  p  -f  2  (.003)  ax  (1-  .72) 

—  +  .  003  ax. 


The  effect  of  small-angle  scattering  is 


1  d  p 
P  „  d(ax) 


.  003 
.  7 


004  3. 


Thus  cachatlcnuation  length  for  collimated  light  (ox  unit)  affects  the 
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Fig.  16  Depolarization  ratio 
(left-hand  scale)  and 
product  of  attenuation  co¬ 
efficient  and  path  length 
(right-hand  scale)  for 
light  vs.  concentration  of 
sediment  in  water.  The 
horizontal  line  shows  the 
extinction  ratio  of  the 
polarizers  used. 
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i'ig.  17  Depolarization  ratio 

for  scattering  in  water 
vs.  number  of 
attenuation  lengths. 
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depolarization  ratio  by  about  l/2%  or  the  temperature  determination  by 
1/2°  C. 

Thus  precision  temperature  measurement  will  require  correction 


for  scattering  effects.  This  will  be  simple  to  do  provided  that  the 
proportionality  constant  between  p  and  ax  is  independent  of  ocean  location, 
because  measurement  of  the  Raman  intensity  will  give  a  measure  of  ax  . 


Measurements  of  the  relationship  between  and  attenuation  are  evi¬ 
dently  required  in  various  seawater  types. 
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4.  FUTURE  PLANS 


During  Site  reminder  of  the  present  contract  we  plan  to  perform 
the  following: 

L  Finish  checking  out  program  for  minicomputer  for  automated 
data  recording  and  monochromator  controL 

2.  Make  systematic  measurements  of  depolarization  of  NaCl 
solutions  for  circularly  polarized  light  as  functions  of  Raman  wavelength , 
temperature  and  salinity. 

3-  Analyze  this  data  to  determine  the  wavelength  intervai  over 
which  the  depolarization  ratio  gives  the  most  sensitive  measure  of  tem¬ 
perature,  for  a  given  number  of  photoelectrons  in  the  entire  Raman 
spectrum,  and  is  minimally  sensitive  to  salinity  variations. 

4.  Measure  the  Raman  depolarization  ratio  at  fixed  wavelength 
and  salinity  for  small  temperature  increments  (1)  to  demonstrate  the 
ability  to  measure  temperature  precisely  and  (2)  to  investigate  any  non- 
linearities  in  the  o  -  T  relationship. 

5.  Measure  Raman  spectra  of  natural  seawater  samples, 
looking  for  anomalies  such  as  fluorescence. 

6.  Perform  further  measurements  of  the  depolarization  of  cir¬ 
cularly  polarized  light  by  small-angle  scattering  in  natural  and  artificial 
suspensions. 

7.  Prepare  for  measurement  of  depolarization  in  coastal  waters. 
Performance  of  these  nioasurcmcnls  is  contingent  upon  boat  availability. 
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8.  Make  further  studies  of  Raman  instrume-  tation  for  field  use, 
especially  concerning  the  availability  of  polarizers  and  spectral  filters 
of  large  area  and  wide  angular  acceptance. 


I 
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APPENDIX 


Depolarization  by  small-angle  scattering 

In  the  following  analysis  the  action  of  various  components  upon  un¬ 
polarized  or  polarized  light  will  be  represented  by  2  x  2  matrices.  This 
scheme  is  valid  under  the  following  assumptions:  (1)  In  the  case  of  linearly 
polarized  light,  no  rotational  features  are  introduced.  (2)  In  the  case  of 
circularly  polarized  light,  no  azimuthal  asymmetries  are  introduced.  (Thus 
only  unpolarized  light  is  incident  upon  any  circular  polarizer.  Also,  any 
circular  analyzer,  which  converts  circularly  polarized  light  to  linear,  is 
to  be  followed  only  by  a  detector  which  is  equally  sensitive  to  all  orienta¬ 
tions  of  linear  polarization.  ) 

Unpc^arized  or  partially  polarized  light  will  be  represented  by  two 

components:  1^  and  I^.  These  may  represent  either  the  horizontal  and 

vertical  linear  polarization  components,  or  right-  and  left-hand  components 

of  circularly  polarized  light.  The  total  intensity  is  I  =  1^  +  I provided 

that  the  components  arc  uncorrelated. 

The  radiation  represented  by  this  formalism  is  actually  a  mixture 

of  polarized  and  unpolarizcd  light,  having  intensities  I  and  I  ,  respectively. 

P  “ 

In  the  representation  as  two  polarized  components,  the  larger  component 

is  1,  =  I  +  i  I  while  the  smaller  is  L,  =  i  I  . 

1  p  2  u  2  2  u 


A-  1 


A.  1  Depolarizing  medium 

Consider  a  medium  characterized  by  a  depolarization  ratio 
If  the  incident  and  transmitted  light  are  represented  by  the  vectors 
and  (Ij*.  y).  have  in  matrix  notation 


P- 

«i-y 


V 

1 

p 

V 

h\ 

__1_ 

"1+p 

p 

1 

I, 

or,  more  compactly. 


I'  =  D  I 

WV  »»  M 
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in  which  JD  is  the  depolarization  matrix.  From  Eq.  (A-l )  we  see  that 

'=I1  + 

^  =  0,  then  p  = 

It  should  he  pointed  out  that  the  depolarization  process  generates 
not  polarized  light  I^',  but  unpolarized  light  of  intensity  I^=  2  I^';  the 
truly  polarized  light  has  intensity  1^  =  Ij'  -  I^'. 

Passage  through  successive  media  can  be  represented  by  the 
multiplication  of  matrices.  In  the  sketch  we  show  initially  polarized 
light  I  =  (Ij,  0)  which  is  first  depolarized  by  small-angle  scattering  in 
seawater  (depolarization  ratio  pg),  then  Raman  back-scattered  with  <x 
depolarization  ratio  p^  in  a  submerged  layer,  and  depolarized  further  by 
scattering  on  the  way  to  the  surface.  The  overall  process  is  described 
by  the  matrix*  product 


I^  (attenuation  in  the  medium  is  neglected  here).  Also,  if 


h'+h 


A-2 


where  D  and  D„  are  the  matrices  for  depolarization  in  small-angle  and 

S  K 

Vt— 

Raman  scattering  respectively.  The  product  of  the  three  matrices  is 


DsDRD 


1 

1  '°s 

1  Ps 

(«+ps)2  C4pR) 

ps  1 

pR  1 

Ps  1 

_ 1 

0+p/  (1+PR) 


1  +  2  pRps  +p/ 

PR  +  2Ps  +  PR  »  2 


2  Ps  +  PR  +  PR  Ps2 

l  +  2pRPs  +p/ 


(Losses  due  to  attenuation  or  geometrical  factors  are  not  included  here.  ) 
The  overall  depolarization  ratio  for  the  process  is 


h  _  PR  +  Zps  +  Pr  Ps 

P  -  T  I  =  7  » 

1  1  +  2Pr  ps  •  Ps 

where  \vc  used  the  fact  that  =  0.  Consideration  that  p^  =  O  (1),  pg  « 


and  pg  «  1  leads  to 


p 


~  PR  *  2°s _ 

1  *  2PrPs 
~  Pr  -  2Ps  <*  -  4  -  2  Or  ^ 

~  pR  +  2ps  (  1  -  4'-  (A-Z* 

The  latter  expression  is  sufficiently  accurate  for  our  needs. 

The  factor  Z  appearing  there  arises  from  depolarization  in  both  the 

downward  and  upward  paths;  each  of  them  is  equally  important. 

A.  2  Polarizers  and  analyzers 

To  measure  p  we  must  use  polarizers  and  analyzers  of 
s 

finite  performance.  The  effect  of  a  polarizer  which  converts  upolarized 
light  directly  into  polarization  component  No.  1,  or  an  analyzer  which 
passes  primarily  component  No.  1,  is  represented  by  the  equation 

(A-3) 

or  »r =  P  I 

»v»  \v 1  m 

In  the  case  of  a  polarizer  or  analyzer  for  the  second  component,  \vc  have 


A  -A 


In  the  above,  t  is  the  transmission  of  tha  polarizer  for  the  “passed” 
component,  and  e  (“extinction”)  is  the  transmission  for  the  "blocked” 
component. 

The  combination  of  a  polarizer  and  analyser  both  for  component 
i  is  represented  by  the  m?frix 


If  unpolarized  light,  for  which  Ij  =  ^  I,  is  incident  upon  the 

combination,  the  transmitted  intensity  is 


=  °n>i 


(IU}2 


(t2  +  c2)  1 


l 

O 


I. 


The  latter  approximation  is  accurate  to  second  order  because  e  «  t. 
For  a  polarizer  and  analyzer  each  for  component  2  we  also  obtain 
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If  Use  analyzer  is  crossed  to  the  polarizer  (e.  g. ,  vertical  vs. 
horizontal,  or  left-hand  vs.  right-hand),  the  transmission  matrix  is 


w* 


(All  diagonal  matrices  commute.  )  The  intensity  of  originally  unpolarized 
light  transmitted  is 


=  (I  JL  +  {Ij  )?  =  telj  t  teL,  =  tel. 

The  extinction  ratio  of  the  polarizer-analyzer  combination  may 
be  defined  *s 

E  =  lL/ln. 

which  leads  to 

E  =  2e/t.  (A-5) 

A.  3  Depolarization  measurements 

In  measurements  of  the  depolarization  ratio  for  a  scattering 
medium,  a  correction  may  be  necessary  for  the  finite  extinction  ratio  of 
the  polarizer  and  analvzers.  The  sketch  shows  two  configurations: 

(a)  with  polarizer  and  analyzer  of  the  same  type,  which  transmit  intensity 
Ij  and  (b)  with  crossed  polarizer  and  analyzer  which  transmit  intensity 
1^.  The  transmission  matrix  for  case  (a)  is 


A- A 
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If  the  incident  light  is  unpolarized  (Ij  =  I^),  the  transmitted 
intensities  are 
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Their  ratio  is 


W 

ft 

ft 
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